The current view is that eukaryotic chromatin is divided into topologically constrained loops of tens to hundreds of kilobases. These loops are generated by the binding of specialized DNA sequences to an intranuclear framework, known as the nuclear matrix (4) or nuclear scaffold (37) . The loop organization of chromatin may be important not only for the compaction of the chromatin fiber but also for the regulation of gene expression. It has been postulated that each loop represents an independent unit of transcription and replication, being insulated from regulatory influences of neighboring loops (for reviews, see references 7, 15, and 54).
The DNA sequences that are held responsible for fastening the chromatin to the nuclear matrix have been named MARs or SARs (for matrix or scaffold attachment regions) (for reviews, see references 40 and 46) . They have been implicated as such on the basis of their high affinity for binding to the nuclear matrix in vitro (10, 37) . MARs have been found in the genomes of many different species, often located near important regulatory sequences (10, 18) . Some MARs are found at the boundaries of transcription units, where they may delimit the ends of an active chromatin domain (26, 35, 39) . It has been shown that certain MARs augment the transcriptional activity of a linked gene in stably transfected cells (5, 32, 41, 49) or in transgenic mice (8, 58) . Although these findings indicate that MARs participate in the control of gene expression, their specific role remains unclear.
It is anticipated that the physiological role of MARs is directly related to their binding to the nuclear matrix. In vitro studies have shown that this binding is reversible, of high affinity, and evolutionarily conserved. To date, several matrix proteins that specifically interact with MARs in vitro have been identified. In higher eukaryotes, these include the enzyme * Corresponding author.
topoisomerase II (1) , attachment region binding protein (ARBP) (57) , scaffold attachment factor A (SAF-A) (47) , lamin B (36), a 120-kDa protein (SP120) (53) , and a thymusspecific MAR-binding protein, SATB1 (16) .
To gain insight into the physiological roles of these different MAR-matrix interactions, it is important to unravel their molecular details. While still almost nothing is known about the DNA binding domains of the various MAR-binding proteins, knowledge about the sequence and structure of MARs is rapidly increasing. MARs have a length of 300 to 1,000 bp and are typically about 70% A+T rich. They are preferentially bound and cleaved by the enzyme topoisomerase II in vitro (1, 44) and in vivo (28) . Although there is no consensus sequence for MARs, they share several sequence characteristics, such as oligo(dA) and oligo(dT) tracts (18) and ATATAT boxes (10) . Structural features of MARs include DNA bending (25) , a narrow minor groove (1, 38) , and a strong potential for base unpairing under superhelical strain (6, 33) . The last unwinding property was shown to be important for binding to the nuclear matrix and for augmentation of gene expression in stable transformants (6) . Also, the significance of a narrow minor groove for the interaction of MARs with matrix proteins has been reported (1, 16, 27) . DNA bending, on the other hand, does not appear to be essential for matrix binding (3, 57) .
In this study we investigated the interaction between MARs and lamins in molecular detail. We show that like B-type lamins (36) 
MATERIALS AND METHODS
Purification of A-and B-type lamins. A total lamin preparation consisting of lamins A, B, and C was isolated from rat liver nuclear envelopes, as described by Aebi et al. (2) . Nuclear envelopes were isolated according to the method of Kaufmann and Shaper (30) in the presence of the reducing agent dithiothreitol (final concentration of 20 mM). The lamin preparation was stored at a concentration of 0.2 to 0.3 mg of protein per ml in lamin buffer (20 mM Tris-HCl [pH 9.0], 500 mM KCl, 2 mM EDTA, 1 mM dithiothreitol, 2% Triton X-100) at -20°C.
The procedure for the purification of A-and B-type lamins was based on that of Aebi et al. (2) . All steps were conducted at 4°C unless indicated otherwise. For the purification of A-type lamins, 1 ml of the total lamin preparation was mixed with 24 ml of 6 M urea-20 mM Tris-HCl (pH 9.0) and passed over a 1-ml DEAE-cellulose column (Whatman DE-52). The flowthrough fraction, which was free of B-type lamins and contained approximately 70% of the loaded amount of A-type lamins, was concentrated on a 1-ml phosphocellulose column (Whatman pl1). Elution of the latter column with buffer Ul (6 M urea, 20 mM Tris-HCl [pH 9.0], 500 mM KCl, 2 mM EDTA, 1 mM dithiothreitol) yielded a pure A-type lamin fraction containing lamins A and C in a 1:1 ratio at a protein concentration of 0.1 to 0.2 mg/ml.
For the purification of B-type lamins, 1 ml of the total lamin preparation was mixed with 24 ml of 6 M urea-20 mM Tris-HCl (pH 9.0) and passed over a 1-ml phosphocellulose column (Whatman p11 (Fig. 3) . The dialyzed against binding buffer of low ionic strength and pH 7.4 to induce aggregation. Four volumes of binding buffer were added, and incubation was continued for 3 h at 37°C. Finally, lamin aggregates were visualized by electron microscopy after negative staining. We found that branched, paracrystal-like polymers with diameters of between 10 and 70 nm had formed (Fig. 4) . The polymers showed a regular axial repeat of 24 ± 1 nm, which is characteristic for lamin paracrystals (2). All lamin aggregates that were present on the grids had this same filamentous appearance. The structure of the polymers was not influenced by binding of MAR fragments (not shown).
Titration experiments (Fig. 5) (36) . Scatchard analysis revealed one type of highaffinity binding site with a dissociation constant (Kd) of approximately 3.5 nM (Fig. 5, inset) . Figure 6 shows the results of our investigation of binding to lamin of different MAR and non-MAR sequences. We studied competition of the Drosophila histone MAR with the MAR of the mouse immunoglobulin K light chain locus (10, 11) , the 5' MAR of the chicken lysozyme gene (38) , the 5' MAR of the rat glutamate dehydrogenase gene (14) , and the synthetic polynucleotides poly(dA-dT) and poly(dA) -poly(dT). We found that random non-MAR DNA, i.e., pBR322 fragments, competed only poorly. The synthetic A+T-rich non-MAR DNAs competed significantly, while all MAR fragments were very efficient competitors. Significant binding of synthetic A+T-rich polynucleotides has also been reported for intact nuclear matrices (27) and for the MAR-binding proteins SAF-A (47), histone Hi (27) , SP120 (53), and topoisomerase 11 (1) . The MAR-binding protein SATBl, on the other hand, shows a much stronger sequence specificity (16) . The competition data furthermore show that lamin polymers from rat liver are able to bind different MAR sequences from divergent species. Together with our previous observation that lamins derived from cell types other than rat liver also specifically bound the Drosophila histone MAR (36) , these findings indicate that the interaction between MARs and lamins is evolutionarily conserved.
MARs bind to lamin through single-stranded regions and the minor groove. Characteristic structural features of MARs include a narrow minor groove and a strong potential for base unpairing under superhelical strain. Bode and coworkers (6, 31) have demonstrated that the unwinding potential of MARs is essential for their interaction with the nuclear matrix, while Kas and coworkers have stressed the importance of the narrow minor groove in binding to histone HI (27) , topoisomerase II (1), and nuclear matrices (27) . We investigated the involvement of both properties in the interaction of MARs with lamin polymers.
The importance of base unpairing was studied by investigating the competition of MARs with single-stranded DNA fragments (Fig. 7) . A histone MAR considerably (Fig. 8) . At a saturating concentration of 50 ,uM distamycin, binding was reduced by 70%. Chromomycin had a much smaller effect, maximally suppressing binding by 15%. These results indicate that lamins bind the narrow minor groove of A+T-rich MAR sequences and to a lesser extent also the minor groove of C+G-rich regions.
Since the conformational effect of distamycin on the double helix structure is very small (34) This conclusion can be extended further since we found that the structurally related, nonlamin proteins desmin and NuMA also specifically bind MARs, albeit with lower affinity. Desmin is a member of the intermediate filament protein family, to which lamins also belong (for reviews, see references 19 and 48) . NuMA is a recently characterized constituent of the nuclear matrix which has an important role during mitosis (12, 13, 59) . Intermediate filament proteins and NuMA are built according to a common tripartite structure. They possess a central oa-helical rod domain flanked at both sides by nonhelical domains. Intermediate filament proteins, and presumably also NuMA, self-assemble into long polymers in which the a-helices are dimerized to coiled-coil molecules. Another similarity between most intermediate filament proteins, including lamins, and NuMA is the occurrence of S/TPXX amino acid motifs in their globular end domains. Whereas the physiological relevance of MAR binding to cytoplasmic intermediate filament proteins is difficult to envisage, it is conceivable that the MAR binding capacity of lamins and NuMA has a physiological function. Conclusive evidence concerning this important point awaits in vivo DNA-protein cross-linking studies. Nevertheless, the conservation of MAR binding properties among lamins, other intermediate filament proteins, and NuMA suggests that common features, such as the coiled-coil structure and S/TPXX motifs, are involved in MAR recognition. S/TPXX motifs are frequently found in gene-regulatory proteins and are believed to contribute to DNA binding (52) . The dimer (SPKK)2 has been shown to bind preferentially to the minor groove of A+T-rich DNA (9) . Similarly, S/TPXX sequences have been found to mediate the specific binding of the chromatin-associated proteins histone Hi (51) and the high-mobility group I protein (45) to the minor groove of A+T-rich DNA. Interestingly, specific binding of chromatin to A-and B-type lamins has also been observed (21, 22, 24) . Chromatin binding sites have been mapped to both the ox-helical rod domain (21) and the C-terminal tail domain (20, 24) of lamins.
We found that the interaction between MARs and lamins has many similarities to the interaction between MARs and the nuclear matrix. Like the MAR-matrix interaction, MAR binding to paracrystal-like polymers of rat liver lamins A, B, and C was saturable, noncooperative, and evolutionarily conserved. We found that synthetic A+T-rich non-MAR DNA also bound to lamin polymers, albeit with a somewhat lower affinity than MAR DNA. Also, intact nuclear matrices (27) [Drug] (gM) (27) have been reported to bind A+T-rich non-MAR DNA. So far, only for the MAR-binding protein SATBI has a much stronger sequence specificity been observed (16) (43) and that these sites might be involved in matrix binding (42) . By employing the probe chloroacetaldehyde, which specifically modifies unpaired DNA, KohwiShigematsu and Kohwi (33) have recently demonstrated that MARs are characterized by a strong potential for extensive base unpairing when subjected to superhelical strain. Specific sequence motifs were identified as nucleation sites for unwinding. The unwinding property of MARs has been shown to be important for binding to the nuclear matrix and essential for augmentation of the transcription activity of a linked gene in stable transformants (6) . To our knowledge, binding of singlestranded DNA has been studied for two other MAR-binding matrix proteins besides lamin. The thymus-specific protein SATB1 specifically interacts with A+T-rich double-stranded MAR sequences with a high unwinding potential but has no affinity for single-stranded DNA (16 (1) , and histone Hi (27) .
Kas et al. (27) found that histone Hi shows no preferential interaction with denatured MAR sequences. This striking difference in affinity for single-stranded MARs between histone Hi and matrix proteins like lamins may be the clue to one important function of MARs. Along the lines of earlier models (16, 27) , we propose that the interaction of nuclear matrix proteins with single-stranded MARs serves to stabilize the transcriptionally active state of chromatin. The current view is that chromatin is divided into independent functional loop domains which are generated by attachment of MARs to the nuclear matrix. In transcriptionally silent chromatin, the chromatin fiber is compacted by histone Hi via its association with nucleosomal linker DNA. Histone Hi molecules interact with each other in a cooperative fashion, presumably via head-totail interactions. We predict that inactive chromatin MARs are predominantly double helical and interact with matrix proteins mainly via their minor groove. In transcriptionally active chromatin the 30-nm fiber is in a more open conformation, presumably because of depletion of histone Hi (for a review, see reference 17). Once a chromatin loop has been activated and transcription has started, negative supercoils are generated upstream of the transcription complex. As predicted by the findings of Kohwi-Shigematsu and Kohwi (33) , this negative supercoiling will induce stable base unpairing of adjacent matrix-bound MAR sequences. This unpairing of MARs, in turn, will prevent rebinding of released histone Hi, as follows from the data of Kas et al. (27) . At the same time, binding of the unpaired MARs with matrix proteins such as lamins that have a high affinity for single-stranded DNA will be promoted (6, 31 ; also this study). Analogous to the model presented by Kas et al. (29) , based on the assumption that histone Hihistone Hi interactions in chromatin are highly cooperative, we speculate that histone Hi depletion of MARs 
